Highly spin-polarized chromium dioxide (CrO 2 ) thin films were deposited on ͑100͒ TiO 2 substrates by chemical vapor deposition using chromyl chloride as a precursor. The spin polarization, as measured by the point contact Andreev reflection technique, was 81Ϯ3%. X-ray diffraction /2 scans indicated the films grew completely ͑100͒ oriented, in registry with the ͑100͒ oriented TiO 2 substrate. X-ray diffraction scans on the CrO 2 ͑110͒ reflection indicated the expected twofold symmetry, with no evidence of misaligned material. The resistivity at room temperature was 240 ⍀ cm and decreased to 10 ⍀ cm at 5 K, consistent with metallic behavior. The films were ferromagnetic with a Curie temperature of 395 K and a coercivity of ϳ100 Oe at 298 K. The use of chromyl chloride as a precursor resulted in efficient and controlled CrO 2 film growth.
Spin polarized transport effects in materials has become an important and rapidly developing area of basic research and technology. It is expected that this new field, known as magnetoelectronics, will spur the development of new devices which cannot be realized with existing semiconductorbased electronics.
1 A central component of these devices are ferromagnetic materials that provide current with a high degree of spin polarization ͑ideally 100%͒. Chromium dioxide (CrO 2 ) is one such material that has been predicted to be 100% spin polarized at the Fermi level based upon band structure calculations.
2 Recent point contact experiments have indicated the spin polarization in CrO 2 approaches 100%.
3 Ultrathin layers of highly spin-polarized CrO 2 have potential applications in giant magnetoresistance ͑GMR͒ devices. Therefore it is important to develop efficient and controlled methods for preparing CrO 2 films.
Chromium dioxide (CrO 2 ) is a ferromagnet with a Curie temperature of ϳ395 K that crystallizes with the rutile structure ͑tetragonal, P4 2 /mnm͒. 10 or a high-pressure bomb. 5 Because of the properties of the CrO 3 precursor, a solid that sublimes at ϳ260°C and also partially decomposes, conventional CVD precursor handling equipment was not used. State-ofthe-art precursor handling equipment includes a precursor bubbler, automated valves, a pressure controller, mass flow controllers, and precursor flow sensors to deliver precise quantities of precursor into the reactor. Instead, a two-zone furnace was used: one zone to sublime the precursor and a second zone to completely decompose the precursor on the substrate. Several groups have prepared CrO 2 thin films on a variety of substrates using this process. [11] [12] [13] In this letter, an alternative, efficient, and controlled CVD process for preparing high quality epitaxial CrO 2 ͑100͒ films on TiO 2 ͑100͒ substrates is described. This process uses chromyl chloride (CrO 2 Cl 2 ) as a precursor. This precursor is a liquid with a room temperature vapor pressure of 24 Torr, and is therefore, compatible with conventional CVD precursor handling equipment. The CrO 2 films were prepared in either a pure argon or oxygen atmosphere. To compare these films with previously published work, the results of structural, magnetic, transport, and spin polarization measurements on the CrO 2 films are presented.
CrO 2 Cl 2 ͑Aldrich, 99%͒ was transferred to a bubbler and held at 0°C for all experiments. The carrier gases, either high-purity oxygen or argon ͑Air Products, 99.99%͒ were used without further purification. The gas flow into the reactor, a tube furnace heated to 400°C, was between 20 and 40 sccm. Substrates of ͑100͒ TiO 2 were cleaned in trichloroethane, acetone, methanol, isopropanol, and a 20% HF solution.
The film thickness was measured with x-ray fluorescence and the film microstructure was examined in a Digital Instruments atomic force microscope ͑AFM͒. The CrO 2 films were 2000 Å thick, having a shiny and black appearance. The growth rate was 33 Å min Ϫ1 , independent of the carrier gas (O 2 or Ar͒, and reproducible. AFM measurements indicated the films had a root-mean-square ͑rms͒ roughness be-tween 35 and 60 Å over a 5 m 2 scan area. The films grew with a granular microstructure with individual grain sizes from 0.5 to 2 m.
The crystal structure of the films was studied using a Philips MRD x-ray diffraction ͑XRD͒ system, with a fourcrystal Ge 220 monochromator on the incident beam, and a Scintag x-ray diffraction system, both with Cu K␣ 1 radiation (ϭ1.5405 Å). /2 scans were taken both along and at various angles to the growth direction, as well as rocking curves and scans ͑where /2 is set for a particular reflection at an angle to the film normal, and the film is rotated about the film normal͒ to look for misoriented grains. XRD /2 scans ͓Fig. 1͑a͔͒ indicated the films grew completely ͑100͒ oriented, in registry with the ͑100͒ oriented TiO 2 substrate. In addition, there was no evidence of impurities in the film, including Cr 2 O 3 . The rocking curves for the CrO 2 ͑200͒ reflection in the films is of order 0.1°. The scan on the CrO 2 ͑110͒ reflection shows the expected twofold symmetry, with no evidence of misaligned material ͓Fig. 1͑b͔͒. The measured lattice constants for the material are aϭ4.395 Å, bϭ4.443 Å, and cϭ2.916 Å, with an uncertainty of 0.001 Å. This shows that although the films are under compression along the growth direction ͑ϳ0.5%͒, the in-plane lattice constant b is expanded by ϳ0.5%, while c is the same as the bulk value. Figure 2 shows the electrical resistivity, , for a 2000 Å CrO 2 film. The resistivity at room temperature is 240 ⍀ cm and decreases to 10 ⍀ cm at 5 K, consistent with metallic behavior. This data compares favorably to Li et al. 13 for measurements taken along the c axis, and is consistent with the epitaxial quality of the CrO 2 films. A high resistivity ratio ( 298 K / 5 K ϭ24) further exemplifies the high quality of these epitaxial CrO 2 thin films.
The magnetic properties of the CrO 2 films, as measured in a superconducting quantum interference device ͑SQUID͒ magnetometer, are shown in Fig. 3 . The hysteresis measurements were made with the magnetic field oriented in the plane of the film along a substrate edge. No distinction was made between particular substrate edges. A large magnetic field (HϾ4 kOe) was needed to saturate the magnetization while only a relatively small coercivity (H C Ͻ100 Oe) was observed ͓Fig. 3͑a͔͒. The saturation magnetization was determined to be 670 and 365 emu/cm 3 at 5 and 298 K, respectively. These magnetization values are slightly lower than previously published values.
14 However, this discrepancy is probably due to the error in the determination of the total volume of CrO 2 material, since a nonuniform amount of CrO 2 grew on the back ͑unpolished side͒ of the substrate. Figure 3͑b͒ shows the classic temperature dependence of the magnetization using an applied field of 500 Oe. The Curie temperature of the film ͑395 K͒ agrees well with the bulk value.
The spin polarization of CrO 2 was measured by the point contact Andreev reflection ͑PCAR͒ technique, which is described in detail elsewhere.
3,15 At least 10 different junctions, established by gently pressing a superconducting ͑Pb͒ tip into the CrO 2 film, with contact resistance between 1 and 100 ⍀ were measured for each sample. Several different samples were studied. All samples were highly spin polarized. Figure  4 shows typical conductance data for a CrO 2 film as a function of bias voltage, V, normalized at Vӷ⌬(T)/e ͓⌬(T) -superconducting gap at temperature T, e-electron charge͔. Experimental curves for each junction were fitted separately by the modified 3 BTK 16 theory with only two fitting parameters, spin polarization, P and barrier strength Z. 16 The spin polarization for each sample was obtained by averaging over the resulting values of P. The spin polarization for a CrO 2 thin film was found to be 81Ϯ3%, which is comparable to the values obtained for the CrO 2 films fabricated by other techniques.
3, 17 The Z range was 0.6-1.3. In summary, an efficient and controllable method for depositing high quality epitaxial CrO 2 thin films was developed using a standard CVD technique with CrO 2 Cl 2 as a precursor. The films were metallic, smooth, epitaxial, and highly spin polarized. This technique enhances the possibilities of fabricating GMR and/or tunnel junction devices based on CrO 2 , and thus opens up new opportunities in magnetoelectronics.
